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A direct demonstration of functional specialization within 
motion-related visual and auditory cortex of the human brain
R.J. Howard*, M. Brammer*, I. Wright*, P.W. Woodruff*, E.T. Bullmore*
and S. Zeki†
Background: Physiological studies of the macaque brain have shown that there
is a large expanse of visual cortex, the V5 complex, which is specialized for visual
motion, and that several areas within V5 are specialized for different kinds of
visual motion. In continuing work on motion-related visual cortex, we wished to
chart the specialized visual motion areas in the human brain and to determine
their anatomical relationship. Human subjects viewed different motion displays,
and the cortical location of the increased activity produced by each stimulus was
recorded. The technique of functional magnetic resonance imaging (fMRI) was
used, in order to image the same subjects repeatedly.
Results: We found that each of the three motion stimuli activated specific parts
of the V5 complex. These sites of activation overlap with V5 and, to a smaller
extent, with each other. Unexpectedly, the three motion stimuli also activated
neighbouring, but nonoverlapping, regions of auditory cortex that are normally
activated by the perception of speech.
Conclusions: The three sites of activation produced by the visual motion stimuli
occupy adjacent territories within the V5 complex. Components of the V5
complex are specifically connected to regions within auditory cortex.
Introduction
Central to the visual motion system of the primate brain
is area V5 (also known as MT). This area is specialized
for motion in both monkey [1–3] and man [4–6], as it con-
tains a population of cells that are highly activated by
moving stimuli; these neurons detect motion in all direc-
tions in the fronto-parallel plane, as well as simple
motion towards or away from the organism [7]. But there
are many other kinds of visual motion of importance,
principally optical flow and biological motion. Optical
flow simulates forward motion in depth, and appears to
have a cortical locus adjacent to, but separate from, V5,
both in monkey [8–10] and man [11]. Biological (Johans-
son) motion [12] is a system of moving dots that can give
instant knowledge about the characteristics of the
moving system [13]. In the monkey, biological motion is
signalled by cells in an area that is distinct from V5 [14].
Here, we wished to investigate whether there are such
specialized cortical sites for the different kinds of visual
motion in the human brain, and how they might be
related anatomically.
Positron emission tomography (PET) and functional
magnetic resonance imaging (fMRI) studies of motion-
related visual cortex in man have confirmed that a ventro-
lateral area, posterior to the junction of the ascending
limb of the inferior temporal and lateral occipital sulci, is
activated by the perception of real [4–6] and illusory
[15,16] motion. In a previous PET study of optical flow
[17], no changes in regional cerebral blood flow were
observed within V5, but bilateral foci on fusiform and
temporal gyri and right posterior cuneus were reported.
In the present study, we took advantage of the repeata-
bility of fMRI, together with its simultaneous acquisition
of high-resolution structural and functional images, to
compare the relative location of visual cortical activation
that accompanies perception of these three different
kinds of visual motion — coherent motion, optical flow
and biological motion.
Results
Activation within visual cortex
The stimuli used are shown in Figure 1. The perception
of coherent motion produced major activity in two sites in
each hemisphere, though more predominantly in the left
(averaged brain activation maps are shown in Fig. 2). One
site was between the ascending limb of the inferior tem-
poral sulcus and the lateral occipital sulcus, corresponding
to area V5 as defined by previous PET and fMRI studies.
The second site was within dorsal and ventral V3. In
agreement with some [4,6], but not all [5], previous PET
and fMRI studies, there was little differential activation of
areas V1 and V2.
In general, both optical flow and biological motion acti-
vated smaller regions of cortex, the latter possibly due to
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the smaller overall size of the stimulus compared to the
coherent motion stimulus (Fig. 1). Within the V5 complex,
the optical flow stimulus produced an area of activation
that overlapped V5 and extended superiorly from it 
(Fig. 3); the biological motion stimulus produced an area
of activation that overlapped with the other two and was
located along the superior border of V5. Both optical flow
and biological motion stimuli produced small areas of
activation within both dorsal and ventral V3, but neither
produced any differential activation of area V1.
Although our results are broadly consistent with previous
results, the activity produced by optical flow in this study
flanks V5 dorsally, whereas in the earlier PET study, the
area of activation, though overlapping that produced by
coherent motion, extended more ventrally. This may be
due to the fact that, unlike the optical flow stimulus used in
a previous PET study [17], the stimulus used here activated
both superior and inferior fields. This may account for why
both dorsal and ventral V3 were activated in this study.
Activation outside visual cortex
Perception of the three stimuli produced foci of activa-
tion within stimulus-specific regions of the left superior
temporal gyrus (STG). As indicated in Figure 3, these
areas overlap the activation detected during passive per-
ception of speech. Detected STG activation was bilateral
during optical flow and biological motion perception, but
only seen on the left with coherent motion.
Discussion
These results demonstrate directly a specialization for
visual motion within the territory of the V5 complex. The
specialization may be more extensive than is implied here,
because other kinds of visual stimuli, such as rotatory
motion, produce their own fields of activation which also
partly overlap V5 [15]. Such specialization may help to
account for some apparently bizarre clinical observations,
in which patients unable to perceive objects when in
motion can nevertheless successfully perceive biological
motion [18], or when patients blinded by lesions in V1 can
specifically and consciously perceive optical-flow stimuli
[19]. Both conditions imply that specific components of
the V5 complex have escaped damage. The apparent
hemispheric differences in V5 and STG activation during
coherent motion perception represent a novel observation
and indicate that lateralized specialization may be present
even for elementary visual processing.
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Figure 1
Stimuli used in the experiments.
Our attempt to chart neighbouring areas with different
subspecializations for visual motion perception also
revealed an unsuspected submodality specialization
within a sensory cortical zone that is removed from visual
cortex, but which probably needs access to visual cortex
for linguistic purposes. In addition to areas of activation
within the occipital lobe, all three stimuli activated neigh-
bouring, but distinct, regions of the STG. In an earlier
fMRI experiment, eight subjects (of whom four were
included in the current study) participated in a study of
auditory activation, during which they listened to a
talking book. Superimposition of the earlier result on the
one obtained here shows unambiguously that the STG
activation sites in the present study are in auditory cortex.
This implies that neighbouring and specialized parts of
the V5 complex connect with neighbouring and special-
ized parts of the auditory cortex, and that each type of
motion has its separate input to cortex that is strongly
associated with the reception of language. The specializa-
tion that is a feature of motion-related visual cortex is
thus not necessarily dissipated by convergent projections
to higher centres, but is maintained to communicate
different kinds of information to the perceptive language
centres. In addition to showing, for the first time, a direct
intersensory convergence between visual and auditory
systems, these results may also help account for
synaesthetic phenomena [20].
The activation we observed within the STG may, on the
other hand, correspond to a human analogue of the
macaque superior temporal polysensory area where
neurons responsive to visual, auditory and somaesthetic
stimuli are located [21,22] and which may overlap
auditory cortex. This seems particularly likely as these
polysensory areas not only contain cells selective for the
three kinds of motion investigated in the current study
[14,21], but also cells responsive to auditory stimuli. It is
possible, then, that the broad region outlined in Figure 3
as auditory cortex may, in fact, be composed of a special-
ized polysensory area posteriorly and an auditory area
anteriorly, with further possible subspecializations within
the former.
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Figure 2
Median generic brain activation maps of activated voxels registered in the space of an individual high resolution EPI dataset.
The generation of words denoting actions associated with
a visually presented object activates a cortical region, ante-
rior to V5, which extends to the left posterior STG [23],
suggesting that knowledge of actions is stored in cortex
related to motion processing. Activation observed within
at least part of this area in response to different visual
motion stimuli may thus be more related to action than to
isolated visual or auditory perception.
Conclusions
This study demonstrates the specificity of the cortical
areas related to different subspecializations of a visual sub-
modality — in this case, different kinds of motion within
the submodality of visual motion. Hence, there is an extra-
ordinary degree of functional specialization in the visual
cortex when viewed from the input level. This subspecial-
ization is also maintained in at least some types of
intersensory cortical communication. 
Materials and methods
Stimuli
The stimuli are shown in Figure 1. For the perception of coherent
motion, we used the same stimulus as in a previous study using PET
[4,5]. For optical flow, we used the same stimulus as in a previous
study [17], but subjects were asked to fixate the centre of the screen,
such that both their upper and lower visual fields were stimulated. All
stimulation paradigms were prepared on a Silicon Graphics
4D210GTXB computer, transferred onto videotape, projected onto a
screen in the scan room, and viewed by subjects through a prismatic
mirror at a distance of 400 cm.
For coherent motion, two versions of a black-and-white random checker-
board, in which an array of approximately 100 black squares, each sub-
tending 8°, were displayed on a white background. The array subtended
7° by 5°. Subjects were instructed to fixate on a small stationary square
in the centre of the display. The display could be stationary or moving.
When in motion, all the squares moved constantly at a rate of 1° 30´ per
sec. The direction of motion was changed every 5 sec. 
For optical flow, the stimulus simulated forward motion over a flat
surface sprinkled with bright spots at a uniform density. The display
subtended 7° by 3°. Dots were a single pixel and a dot appearing at the
horizon and travelling vertically downward was on the screen for 2 sec.
Average velocity was 1° per sec. The control stimulus for this experi-
ment had similar dot density and speed to the optical flow stimulus, but
the directions of motion of the dots were randomized.
For biological motion, a dynamic dot display of 14 points (more are
shown here for clarity) moving with figural coherence was presented,
such that the outline of a running man subtending 2° by 3° was per-
ceived. In the control situation for biological motion, 14 dots moved at
random at the same speed and within the same area as in the
stimulation display.
Scanning protocol
Six subjects were scanned in a 1.5 Tesla GE Sigma System (General
Electric, Milwaukee) at the Maudsley Hospital, London. A quadrature
birdcage head coil was used for RF transmission and reception. In
each of 10 contiguous planes (identical slice position was used for all
three functional studies within each subject), parallel to the calcarine
fissure, 100 T2*-weighted MR images depicting BOLD contrast were
acquired (TE, 40 msec; TR, 3 sec; slice thickness, 5 mm; in-plane reso-
lution, 3 mm). During the same session, a 43-slice high-resolution
echoplanar image (EPI) of the whole brain was acquired in the AC-PC
plane (TR, 4 msec; TI, 180 msec; TR, 16 sec; slice thickness, 3 mm; in-
plane resolution, 1.5 mm). 
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Figure 3
Superimposed median generic brain activation maps of activated
voxels registered in the space of an individual high-resolution EPI
dataset for coherent motion (blue), optical flow (green) and biological
motion (yellow). Overlap between the areas activated by optical flow
and biological motion is shown in red. Median activation detected
during the perception of speech in eight subjects is shown in mauve.
Within the temporal lobe, Talairach [27] coordinates of areas of
activation are: for coherent motion –41 –30 12 (corresponding to left-
sided Brodmann area 42), for optical flow 57 –20 8 and –53 –22 17
(bilateral area 42), and for biological motion 43 –19 12 (right-sided
area 41) and –47 –25 17 (left-sided area 42).
Image analysis
The following procedure was used to estimate and correct the effects
of motion prior to image analysis. First, base images of the mean signal
intensity over time were created by averaging the 100 match images
acquired in each plane. Second, the sum of absolute differences in
grey-scale values between the voxels of each match image and its cor-
responding base image was computed. Third, a nonlinear search algo-
rithm [24] was used to estimate the extent of translation and rotation in
three dimensions which minimized the total difference between all
match and base images. Fourth, match images were realigned relative
to the base image by tricubic spline interpolation. Fifth, realigned T2*-
weighted signal intensity time series were regressed on the concomi-
tant and lagged time series of estimated movements at each voxel [25].
Generic brain activation maps were generated as follows. The power of
periodic signal change at the fundamental ON–OFF frequency of stim-
ulation was estimated by iterated least squares fitting a sinusoidal
regression model to the motion-corrected time series at each voxel of
all images. The fundamental power quotient (FPQ; fundamental power
divided by its standard error) was estimated at each voxel [26]. Para-
metric maps of FPQ were then registered in the standard space of
Talairach and Tournoux [27]. After spatial normalization, FPQ maps
from each subject were smoothed with a Gaussian filter (SD = 3 mm)
to accommodate variability in gyral anatomy. The generic FPQ at each
voxel was compared to a null distribution of median FPQ values com-
puted from a randomized parametric map. If the observed median FPQ
exceeded the critical value of randomized median FPQ, for a test size
of a = 5 × 10–5 than that voxel was generically activated with a proba-
bility of false positive activation = a. Activated voxels were registered in
the space of an individual surface rendered high-resolution EPI dataset.
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